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We present results of infrared pump-terahertz probe experiments applied to a set of In 0.53 Ga 0.47 As films irradiated with heavy ions (Br þ ) at doses from 10 9 to 10 12 cm
À2
. Photoexcitation at 1400 nm (0.89 eV) allowed us to characterize the response close to telecommunications' wavelengths whilst avoiding the intervalley carrier scattering observed when a shorter wavelength excitation is used. The excitation fluence was varied in our experiments in order to characterize the dynamics in detail: the lifetimes and mobilities of both electrons and holes were retrieved, and the trap filling and carrier diffusion were clearly observed. The In 0.53 Ga 0.47 As film irradiated by the dose of 10 12 cm
exhibits simultaneously ultrashort electron lifetime ($300 fs) and very high electron mobility (2800 cm
). These findings are particularly important for the design of terahertz emitters controlled by lasers operating at standard telecommunication wavelengths. In terahertz time-domain experiments and devices, the opto-electronic approach to the generation of pulsed radiation is typically based on optical rectification in nonlinear crystals-such as non-centrosymmetric semiconductors like GaAs, or ZnTe (Refs. 1 and 2)-or on photoswitching in ultrafast semiconductors, e.g., in low-temperature-grown GaAs. 3, 4 The choice of materials has been largely dictated by the availability of Ti:sapphire femtosecond laser systems, which operate at wavelengths near 800 nm. A promising alternative to this rather robust approach is a combination of less expensive femtosecond lasers operating at the telecommunication wavelength of 1.55 lm on the one hand, and ultrafast semiconductors based on InGaAs (Ref. 5) or organic crystals like 4-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST) 6 on the other hand. DAST is mainly used in broadband THz setups. 7 However, the THz spectrum emitted from a DAST crystal is compromised due to the presence of a phonon mode at 1.1 THz. 8 Materials suitable for efficient generation of THz radiation by photoswitching should fulfill the following requirements: (1) subpicosecond carrier lifetime, (2) high photocarrier mobility, and (3) high dark electrical resistivity. However, simultaneous optimization of these parameters is a complex task, as it requires a feedback between material growth technologies, the investigation of ultrafast carrier dynamics and the emitter preparation and testing.
Among the ultrafast semiconductors with a low band gap, In 0.53 Ga 0.47 As (E g ¼ 0.74 eV) is a promising candidate for THz photoswitches driven by radiation at wavelengths as long as 1.67 lm. In this context, Be-doped low-temperaturegrown InGaAs, 9 InGaAs film with embedded ErAs nanoislands, 10 Fe-doped InGaAs, 11 Fe þ ion, 12 and heavy ion irradiated InGaAs materials were investigated in the past, and (sub)picosecond photocarrier response in these materials was achieved.
In this paper, we use an infrared pump-THz probe technique to study the ultrafast dynamics of electrons and holes in In 0.53 Ga 0.47 As films grown on InP substrates and irradiated by Br þ ions at high energies. This material was already tested for THz emission and detection in conjunction with excitation at 800 nm and 1.55 lm wavelengths. 13, 14 However, in those experiments, only limited information about the ultrafast response of the material was obtained. A more detailed study of the material response was carried out in our previous work; 15 however, due to photoexcitation at 800 nm, intervalley carrier scattering strongly affected the dynamics of electrons on the ultrafast time-scale. 16 In the current work, we avoid intervalley scattering by using low excess energies of $140 meV (photoexcitation at 1.4 lm wavelength). The band structure of In 0.53 Ga 0.47 As taken from Ref. 17 , and the photoexcitation pathways are shown in Fig. 1 . This allows us to assess directly the ultrafast photoelectron dynamics in InGaAs in the regime of its potential application as a THz emitter driven by telecom lasers. We take advantage of these experimental conditions to perform a detailed study of the dynamics with a variable initial carrier a) concentration in order to evaluate simultaneously the freeelectron and hole lifetimes and to determine the density of traps.
II. SAMPLES
The undoped 3 -lm-thick In 0.53 Ga 0.47 As layers were grown using gas source molecular-beam-epitaxy on a latticematched semi-insulating InP:Fe substrate. After the growth, the films were irradiated by 11 MeV Br þ ions at four different doses of 10 9 , 10 10 , 10 11 , and 10 12 cm
À2
; these samples are denoted A, B, C, and D, respectively, and they are actually identical to the samples investigated in Ref. 15 , where the same notation was used.
For the estimation of the damage profiles produced by the Br þ irradiation, a "Stopping Range of Ions in the Matter" (SRIM) software was used; 18 and these theoretical results were checked by secondary ion mass spectroscopy (SIMS) measurements for the most irradiated sample (D). Negative secondary ion 79 Br À depth profile data were acquired using Atomika 3000 secondary ion mass spectrometer. The sample was bombarded with primary ion beam of 10 keV Cs þ at impact angle 45 (ion current 210 nA, 500 lm raster, acceleration voltage 200 V, energy window $10 eV, vacuum pressure 2 Â 10 À9 Torr). The depth scale was calibrated from a mechanical stylus profilometer measurement of the SIMS crater using the known thickness of the In 0.47 Ga 0.53 As layer. From the Br implantation dose, the raw data in counts/s were converted to concentration in at./cm 3 . The agreement of both the shift and the height of the implantation profile between the experiment and the SRIM simulation are within the estimated experimental uncertainties of $10% and $20%, respectively (see Fig. 2 ).
According to these results, the energy of bromine ions is too high to allow implantation of Br atoms in the thin InGaAs layer. Instead, Br þ ions are stopped further along their path in the InP:Fe substrate leaving the lattice of the InGaAs layer damaged exclusively due to host-atom displacements. Complete depth profiles of the calculated densities of host-atom displacement defects and implantation densities of Br-atoms were published in Ref. 19 ; we denote the calculated concentration of host-atom displacements near the outer surface of the film as n host . In Br þ irradiated InGaAs samples, two main types of defects are created: 20 the majority of defects consist of defect clusters with neutral charge and deep energy levels; a smaller concentration of ionized point defects with shallow energy levels is also present. Both kinds of defects act as traps and recombination and scattering centers reducing the free carrier lifetime and the momentum scattering time. For Br þ -irradiated InGaAs samples, the host-atom density of defects is expected to be proportional to the irradiation dose.
All the investigated samples were characterized by DC resistivity and Hall effect measurements. To eliminate the contribution of the substrate conductance, samples of substrates (obtained by etching-off the InGaAs films) were measured independently and used to decompose the transport parameters of the combined structures. 21 The resulting Hall mobilities and sheet resistivities of the InGaAs layers are summarized in Table I . The residual electron density is in the range of 1-2 Â 10 15 cm À1 for all the samples studied.
III. EXPERIMENTAL METHOD
Transient THz conductivity spectra of InGaAs films were obtained by an optical (infrared) pump-THz probe experimental technique. 22 The experimental setup is shown in Fig. 3 . As a source of femtosecond laser pulses, we used a Ti:sapphire laser amplifier (Quantronix, Odin) with a 1 kHz repetition rate providing 60 fs pulses with a mean wavelength of 810 nm and an energy of 1 mJ per pulse. The pulse train was split into three branches, each one equipped with a delay line to control the arrival of the pulses to the experiment. The first branch served for the generation of terahertz pulses via optical rectification in a 1-mm-thick [011] ZnTe crystal. The second branch was used to gate the electro-optic detection in another [011] ZnTe crystal for phase-sensitive measurement of the time profile E(s) of the transmitted THz field. The third branch was used for the optical excitation of samples and involved an optical parametric amplifier (TOPAS) to obtain a train of optical pump pulses at 1.4 lm. We used slightly noncollinear pump-probe geometry for the investigation of samples A, B, and C, for which the photoconductive response varies on the time scale of units to hundreds of picoseconds. The oblique incidence of the excitation beam causes a lower experimental time resolution, $1.5 ps. A collinear setup, allowing one to achieve subpicosecond time resolution, was used to measure the ultrafast dynamics of sample D. Further details about these experimental arrangements were provided in Ref. 22 . The whole terahertz setup was enclosed in a vacuum box to avoid the water vapor absorption.
The pump beam spot on the sample significantly exceeded the area probed by the THz beam in order to achieve homogeneous excitation. For samples A, B, and C experiments with variable pump fluence were performed in the linear absorption regime: gray filters were used to attenuate the pump beam in order to achieve a variable concentration of photoexcited carriers in the range of about 5 Â 10 14 -1 Â 10 17 cm À3 . The penetration depth of the 1.4 lm excitation beam is about 900 nm; 23 under this condition the pump beam is entirely absorbed within the InGaAs thin film.
We measured the time profile E ref (s) of the THz pulse transmitted through the unexcited sample and its absolute change DE(s,s p ) induced by the photoexcitation, for several pump-probe delay times s p . 22 From these data, we evaluated the transient conductivity spectra Dr(x,s p ) of samples A, B, and C in the quasi-steady-state approximation as described in Ref. 22 . This approximation involves the assumption that the state of the photoexcited sample does not change during the probing event.
In the case of the sample D, where the dynamics occur on a subpicosecond time scale, i.e., faster than the THz pulse duration, the pump-probe data DE(s,s p ) were measured on a two-dimensional grid of 90 Â 54 points with a step of 70 fs in both directions (i.e., the grid fits within a rectangle of 6.3 ps Â 3.8 ps). The transient conductivity spectra in the Fourier space of the pump-probe delay, 
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In addition, THz kinetics representing the evolution of spectrally averaged THz photoconductivity versus pumpprobe delay was obtained for samples A, B, and C. Here, the maximum of the transient terahertz waveform DE(s max ,s p ) . The results of such measurements will be discussed in Sec. V.
IV. SPECTRAL RESPONSE
The transient conductivity spectra of samples A, B, and C were fitted using the Drude formula for conductivity due to one type of free carriers (see Fig. 4 ). This approximation can be applied for short or medium pump-probe delays as electrons are significantly more mobile than holes. The Drude formula for the electrons then reads
Here, e 0 is the elementary charge, n(s p ) is the free electron density exhibiting decay due to trapping and recombination, and s s,e is the electron momentum relaxation time. The term l e ¼ e 0 s s,e /m eff is the dc photoelectron mobility (the effective mass of electrons in In 0.53 Ga 0.47 As at the bottom of C-valley is m eff ¼ 0.041 m e (Ref. 25) ). Fitting the transient conductivity spectra with the Drude term yields values of s s,e and l e . The scattering time s s was found to be independent of the carrier density for the range of pump fluences used. The initial carrier concentration n 0 : n(0) obtained from the fit was found to be about twice as small as that estimated from the measured incident pump photon flux which is a reasonable agreement. The values are summarized in Table I . The sample D irradiated with the highest dose exhibits subpicosecond carrier lifetime. A two-dimensional spectral map of the transient photoconductivity Dr(x,x p ) is displayed in Figs. 5(a) , 5(c), and 5(e). The monotonous decrease of the amplitude of the photoinduced conductivity Dr(x, x p ) along the x axis, observed in Fig. 5(e) , indicates the Drude response of the carriers. 26 The marked decrease of conductivity with increasing jx p j is a clear signature of ultrashort carrier lifetime. To fit the data, we assumed exponential decay of the free carrier concentration with the lifetime s c
26,27
Drðx; x p Þ ¼ n 0 e . In In 0.53 Ga 0.47 As:ErAs superlattices, the picosecond carrier lifetime can be also substantially decreased by additional Be-doping. 28 A lifetime as low as 300 fs was found for high Be-doping levels, 28 while the Hall mobility of electrons in this case decreased to a value of the order of hundreds cm 2 V À1 s À1 . 29 Finally, we comment on the difference between the Hall mobility and the mobility of photoexcited electrons which are provided in the 3 rd and 6th columns of Table I . The Hall ), whereas the mobility resulting from our THz measurements is a single carrier response function of photoexcited electrons measured at higher concentrations. In samples with a large density of defects some equilibrium (dark) carriers can spend a large amount of time in lower-mobility states during the measurements while at the early stages after their creation, the large majority of photoexcited electrons are highly mobile. Therefore, the defect scattering due to irradiation process affects more the Hall mobility as deduced from Table I .
V. DYNAMICS OF ELECTRONS AND HOLES
Here, we report the experimental data representing the evolution of THz photoconductivity versus pump-probe delay. Experimentally, we found out that the dynamics of the carrier population depend on the initial carrier concentration and on the concentration of traps created by the Br þ irradiation. For samples A, B, and C, we observed a slowing down of the measured kinetics by a factor of about 1.2-2 within the range of the pump fluence used in our experiments. We attribute this effect to trap filling and to carrier diffusion in the direction perpendicular to the surface.
In the first approximation and in order to compare the dynamics of the samples A, B, and C, the decay times s c were estimated from the fits by a single-exponential decay of the carrier concentration for each individual pump fluence /: n(s p ,/) ¼ n 0 (/) exp( À s p /s c ). For the sample A, s c increases with increasing excitation intensities from 116 to 185 ps; for sample B, we find an increase of s c from 23 to 28 ps; and for sample C, s c increases from 1.5 to 3 ps.
The electron diffusion length is defined as
where T is the carrier temperature and k B is the Boltzmann constant. In this way, we obtain the following estimations for sample A:
85 lm, and C: l D ¼ 0.16-0.22 lm. This implies that for samples A and B, the diffusion length is longer than or comparable to the absorption length of the excitation beam (0.9 lm). A significant part of the photogenerated carriers may thus diffuse away from regions close to the sample input surface (where, for high pump fluences, the traps may become filled soon after photoexcitation) into deeper regions of the layer where the traps are nearly empty. In the case of sample C, where the electron diffusion length is smaller than the penetration depth of the excitation light, the kinetics is expected to be mainly determined by the trap filling and the depletion via the recombination of carriers.
To model the dynamics of electrons and holes in more detail, we adopted the model successfully used for the description of ultrafast carrier dynamics in Br þ -irradiated InP. 19 The model consists of a set of coupled kinetic equations which involve both the trap filling effect and the diffusion perpendicular to the sample surface (steepest gradient along the z-direction). The densities of free electrons (n e ), trapped electrons (n t ), and free holes (n h ) become inhomogeneous and depend on z. The model contains six important unknown parameters: the density of traps (N t ), the position of trap levels below the conduction band minimum (E t ), the lifetime of electrons (s e ) and that of holes (s h ), and the scattering time of electrons and holes (s s,e and s s,h ); the diffusion coefficient of electrons (holes) is assumed to be given by the
The release rates g e and g h of the carriers are described by the Shockley-Read model,
and depend on the effective density of states of electrons and holes (N e and N h ), and on the position of trap level below the conduction band minimum E t . The degeneracy factor c t is assumed to be unity. The total transient conductivity of photoexcited InGaAs layer defined by our model includes contributions from both electrons and holes and reads
where L ¼ 3 lm is the thickness of InGaAs layer. Note that the conductivity and free-carrier concentrations now depend on the excitation fluence /. The conductivity defined by Eq. (6) was convoluted with an instrumental function related to the noncollinear arrangement of the pump-probe experiment (Gaussian function in s p with a full-width-at-half-maximum of 1.5 ps). The result was fitted to the measured pump-probe scans of the transient conductivity; examples of the data and fits are shown in Fig. 6 . The parameters for electrons (s s,e and l e ) and the initial concentration of electron-hole pairs, n 0 , were estimated from the Drude spectral response described in the previous part, and they were kept fixed during the fit. The results of our fits are displayed in Table II . The kinetics observed for each sample (A, B, and C) can be explained by taking into account an interplay of two processes: the trap filling and the carrier diffusion; these occur with different weights for each of the samples. The Shockley-Read terms Eq. (5) have not been found to have a significant impact on the observed carrier dynamics and can practically be neglected. We can thus infer that the trap level is sufficiently deep below the conduction band edge to prevent significant thermal activation of the trapped carriers, and we can roughly estimate N t $ 0.3 eV.
In the initial stage of the decay, the concentration of electrons and holes is similar, while the mobility of holes is about 5 to 12 times smaller than that of electrons (cf . Tables  I and II) . In this regime, the contribution of electrons to the total conductivity Eq. (6) is dominant and our interpretation of the measured spectral response displayed in Fig. 4 as that being essentially due to the contribution of electrons is correct. This regime holds approximately within s e or 2s e for each sample. At later times, the contribution of holes may become comparable to that of electrons or even dominant and the determination of the hole mobility l h stems mainly from this part of the kinetics characterized by large pumpprobe delays.
In sample A, where the concentration of traps N t is the lowest among the samples studied, the traps close to the sample surface can be efficiently filled for higher pump fluences within the electron lifetime. At the same time, as the carrier mobility is also high, these will have time to diffuse over the whole InGaAs layer thus making the available number of traps significantly higher. The effective decay time of the transient conductivity is then determined both by the lifetime of electrons and holes and by the carrier diffusion rate.
The concentration of the traps N t determined from the fits and shown in Table II scales approximately with the density of the host atom displacement defects. The concentration of the traps N t determined from the fits and shown in Table II scales approximately with the density of the host atom displacements n host . The concentration of the traps is approximately one tenth of the density of the host atom displacements indicating that traps are constituted by several elementary atom displacements and also that some host atom displacements are probably not active for the capture of free carriers. In sample C, where the carrier lifetime is short, the diffusion of carriers cannot play a significant role in the carrier dynamics; however, the saturation of traps close to the surface occurs only for the highest pump fluences used. The kinetics observed are then governed by the depletion of the traps by the hole capture.
By analogy, the trap concentration in sample D, where a subpicosecond response time was found, should be of the order of nearly 10 18 cm À3 . This means that neither diffusion nor trap filling should play a significant role for the pump fluence used (initial carrier concentration <10 17 cm
À3
); the observed carrier lifetime of 300 fs then can be considered as that of free electrons.
The charge carrier mobility values and their lifetimes are summarized in Fig. 7 . We observe quite good agreement with those measured using the optical excitation at 800 nm; 15 however, in that former work and also in previously published optical pump-probe experiments, 31 the lifetimes should be understood as effective carrier lifetimes depending on the dynamics of both electrons and holes. In the present work thorough pump fluence-dependent measurements allowed us to distinguish the role of electrons from that of holes. The mobility of holes decreases with the number of defects similarly as that of electrons; however, it was determined with a large experimental error and should be taken only as an estimation of its order of magnitude. 
VI. CONCLUSION
We have investigated the dynamics of photogenerated carriers in In 0.53 Ga 0.47 As films irradiated by heavy highenergy Br þ ions using infrared pump-THz probe spectroscopy. To shed more light on the dynamics of both electrons and holes, the samples were excited at 1400 nm wavelength, and the pump fluences were varied within 2.5 orders of magnitude to achieve free carrier density from 5Â10 14 to 1Â10 17 cm À3 . The electron and hole lifetimes and mobilities were determined within a kinetic model, which accounts for the carrier diffusion within the InGaAs film and for the trap filling at high photocarrier densities. Both the carrier lifetimes and the density of traps are approximately proportional to the concentration of the host atom displacement defects. It was found that the In 0.53 Ga 0.47 As film irradiated by the dose of 10 12 cm -2 exhibits simultaneously ultrashort electron lifetime ($300 fs) and very high electron mobility (2800 cm ) which makes this material a promising candidate for the fabrication of THz emitters and detectors controlled by lasers operating at telecommunication wavelengths.
